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ABSTRACT 


The object of this theals is to contribute to the data of 
friction at very low sliding velocities prior to forming some 
general. conclusions about very slow speed frictional phenomena, 
To ascomplish this, data has been gethered on five different 
plaetics and three metals, ‘The data gathered is presented in 
the form of P -Veourvas over the velocity range of from 107” 
cms. per sec. to 10 ems. per sec. The work was carried out using 
a very low valecity friction apparatus developed by F. Heymann 
under the superviaion of Professor Rightmire, Professor Rabinowic:, 
and with the help of the Friction and Lubrication Laboratory, Aj1 
of this work was started and is being carried on under om Office 
of Naval Research contract. 

The materiale tested were found to exhibit widely differing 
p-V curve characteristics ae well on widely varying friction 
factors. ‘Some of the ~V curves possessed positive slopes, som 
negative slopes, and some with slopes changing from positive or 
sero to negative, Since this ie practically the only euch data in 
existance it is impossible to justify any general conclusions from 
the results of these few materials. It is recommended that many 
more material be ao tested so that a general conclusion may be made, 
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Title: Assistant Professor of 
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INTRODUCTION 





The very existance of the world is dependent upon a phenomenon 
we call friction. It is evidenced in widely differing and opposing 
means, Yriction prevents motion, makés motion possible, and it 
permite ua 4 control over most motion. Thia applies to practically 
everything on earth. Friction holds objects in place when we set 
them, it makes motion poseible in 411 waye from rolling whesls to 
sliding skis, and it makes starting and stopping motion poseible as 
easily illustrated in accelerating and decelerating a vehicle, It 
is easy to think of ways which friction is involved importantly in 
practically all natural and man-made operations, 

Friction is often commonly considered undesirable in our machines, 
etc., where it coats usa money in inefficiencies but the truth is that 
practically none of these machines, etc., would function properly 
4f it were not for the presence of friction. We are actually 
completely dependent upon friction for our very existance and since 
it is important we need to understand all we possibly ean about it 
in order to most effectively make use of it where we desire to and 
to Limit or control it elsewhere. 


Frictional, Phenomenon 


Frietion is the force exorted on each of two surfaces in contact 
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by one another in a direction parallel to the plane of contact. 
Coulomb in 1781 discovered a clear distinction between static end 
kinetic friction. He observed at that time that kinetic friction 
wae nearly independent of the speed of sliding. He pursued the 
{dea that friction might be due to some moiecular adhesion between 
surfaces inherent in all materiale to various degrees. He dropped 
this idea on the theory that if it were so the friction should be 
proportional to the area of the sliding surfaces. He finally con- 
cluded that friction primarily was the resistances of the aeperities 
of one surface to being lifted and pulled over the tops of the aa- 
perities of the other surface.(1) Coulomb was partially right in 
both of his ideas of mutual adhesion and asperity resistance. He 
sould, however, not rationalize these views during his time. 

Today our theory for the cause of friction is that this force 
between two surfsess in contact consists of two primary parte: 
1 ~ shearing, which is the actual shearing or tearing apart of 
minute weldments or bonds between the surfaces, and 2 - ploughing, 
which is the riding over of the asperities of a surface over the 
asperities of the other surface; this occurs simultaneously to both 
surfaces to make up the total ploughing. The real area of contact 
between the two surfaces is between tallest of their asperities 
which naturally come in contact me. This is similar to pressing 
the bristles of brushes together. At first only a few of the 
bristles will touch but as more force is weed in pressing them 
together the longer bristles, first in contact, slip sidewise or bend 
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2 
causing more of the shorter bristles to come in contact. In the 
extreme the tw brush handles, holding the bristles, may be pushed 
almost together if enough force ise used. ‘This is ouite similar to 
what happens when any two surfaces are pressed together, The tallest 
or longest asperities come in contact first and bear the force of 
pressing over their minute areas of contact. As known from Strength 
of Materials the material will strain a given amount under a given 
pressure or force in this case.” This permits some of the shorter 
asperities to come into contact. This process continues wmtil the 
force is balanced, This deformation takes place on both surfacez 
to different degrees depending on material properties and the surface. 
finishes. This process accounts for the difference between apparent” 
and "real" areas ef contact, whore "apparent" is what you would 
commonly note by eye and "real" is the actual area of contact between 
the asperities actually in contact. 

Shearing is the breaking of weldments between these deformed 
asperities which are in intimate contact with each other. Sometimes 
the break occurs right in the "real" surface but generally particles 
of the two materials are torn away adhering to the other surface. 
This constitutes wear, The formation of these asperity weldmente 
depende on many factors but for a given pair of surfaces it depends 
primarily en the force between the two surfaces and the time that a 
“real” contact is made between two particular pointe - that is generally 
ths longer time, speaking even so of very short tines, the two points 





*% In accordance with the general law of Hooke. 
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4, 
have to form a weld the stronger it wil) be. This may be due to the 
fact thet dealing on the microscopic scale that we are considering 
a definite time lapse is required by the aaperities fer bonding. We 
know that with movement, sliding, heat 4s dissipated and must be 
conducted away from the surfaces through the materials concerned. 

This heat conduction requires time and causes a local softening of the 
points of surfaces in real contact. This effect cen make the weldments 
form easier end at the same time if the weldments are still soft when 
sheared the shearing or tearing will be accomplished by lees effcert. 
This is one part of the friction force. 

The ploughing part is the force required to cause the interlocking 
asperities to ride up and over or around each other. Under different 
conditions this may take different means of accomplishment. If the 
materials are very hard then this term may primarily be the work of 
causing the asperities to seek new paths during the motion without 
altering the asperities themselves. This would be a true riding up 
and over or moving sidewise and around interdicting asperities. 
However, it seems more logical te assume that this occurs to some 
. extent but that, ne doubt, the true behavior is that the movement of 
the asperities of one surface up and over ami around the asperities 
ef the other surface is accompanied by some deformation, both elastic 
and plastic, of the asperities, usually of both surfaces, This 


probably is a plastic "mashing" of the asperity peake and a sidewise 
slip of the asperities. This is the other part of friction as seen 
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All of these components of friction require a force in order 
to occur. All of them depend on the force exerted normal to the 
apparent surfaces holding the materials together and the surface 
finishes. The weldment formation and strength depends on the 
chemical ability of the two materials to bond together, the temperature 
of the "real" surfaces and, possibly aside from ite effect on temp- 
erature, on time ~- this is velocity of aliding. Ne doubt that with 
fome materials there would be definite plastic deformation before 
shearing the weldments; this depends on the physical properties of 
the materials concerned, However, that portion where deformation 
tales place falls into the ploughing part. This whole process of the 
shearing portion of friction might be likened to an object attached 
to a table by sticky glue. It is bonded. If left to sit for a 
longer period it will be a stronger bond. With lots of glues if the 
temperature is high it will become not so firmly bonded, If you 
attempt to move the object from the teble while the glue is yet 
sticky part of the glue will break almost immediately and eome of it 
will stretch or deform both elastically and plastically until it 
reaches some point of stress when it will break loogve aloo. This is 
a rough paralle) but it transmits the basic idea of the shearing portion 
ef the friction force, 

The ploughing portion is dependent upon, in addition to normal 
force arxi apparent surface finish, the physical properties of the 
materials, temperature, and the velocity of sliding. This portion can 
roughly be likened to a boat in the water, A ship actually compresses 
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the water immediately over which it rides ~ it increases the pressure 
in the water as it rides up over some of it —- this is what causes 
pressure actuated mines to functian as e ship passes within ite lethal 
range. ‘hile some of the water is forced dow and under the hull the 
rest ia pushed to either side ~ the ahip or boat hull is making a 
furrow through the water. All of this requiree feree to push the boat 
through the water, In this analogy the ahip or beat is the asperities 
of the harder material. In some cases it is possible that the two 
materials would rendomly changes partnere in the analogy. In the 
provess of friction this ploughing elastically and plastically deforns 
the asperities surfaces. This requires force. 

This has been an explanation of the microscopic cause cf friction. 
It 1a with these views in mind that thie thesis is done, It ia in the 
light of this approach to ‘ae mechaniaa of friction that the explanation 
and discussion of the results will be undertaken, 


Kinetic and Static Friction 


As previously mentioned Coulomb observed that kinetic friction was 
nearly independent of sliding velocity. This ia true generally within 
the ranges of sliding velocities normally noted. He also noted that 
there was a definite difference or change in friction between kinetic 
and static condition, static friction being notably lerger than kinetic. 
Kinetic as used above referes to normally noted sliding velocities, 
Static as used above is somewhat unimown; truly it refers to ne sliding 
velocity whatsoever. However, is it not poesible that this static 
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” 
friction of Coulomb's may cr may not be actually the true static 
friction. He did mt investigate very low sliding velocities ~ 
microscopic velocities, This has not become of interest until just 
recently. It may be possible that Coulomb's static, maximum, friction 
might oceur at different very low sliding velocities lying in the range 
from sero, true static, up to sliding velocities appreaching the normally 
observable ones, 

Not knowing the true behavior of friction at very Low sliding 
velocities it remains that the friction factor, p™ ratio of friction 
force to normal loading on the surfaces - may follow any one of a 
number of different paths between zero velocity and the points where 
friction becomes nearly independent of sliding velocity. Mfferent 
materials may behave differently in this region. ‘Some may follew one 
general relationship to sliding velocity and others different relation- 
ships within this range. Figure I gives an exemple cf some of the 
general relationships that may exist in the region from zero up to 
normal sliding velocities. One muet remembor we are talking about very 
low sliding velocities, approaching zero and on the order of 10 to 
. centimeters per sec. This is imperesivable to the naked eye, 


Stiek-Ship 


It has been shown that when the sliding friction between dry 
solid surfaces decreases as the sliding velocity increases, the sliding 
does not proceed smoothly but in a jerky fashion; we call this stick- 


(2) 
slip . The force tending to cause sliding causes the two surfaces to 
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b 
"break" away from one another and aliding occurs for a short time 
until the surfaces stick together.again. This repeated action is the 
sort, of thing that we call stick-slip. An example, known to all of 
us, might be the occasional bumpy, jerky path of a piece of chalk over 
a blackboard. Sometimes this is quite noticeable as the chalk seems to 
jump rapidly as we write, while at other times the jump or time 
interval between periods of sticking are mich shorter and a nerve 
grating noise cccurs., We have all experienced both of these I am sure, 
These occurances tell of the type of frictional behavior I am epeaking 
of ag stick-slip but they do not justify my great interest in this 
particular phenomena. 

In machinery this same type of behavior may logically exist 

even though it is not as noticeable to us or possibly immediately 
recognized as the same general phenomena. The Navy encountered this 
problem in their great emphasis cn noise reduction for naval machinery - 
primarily submarine machinery. This oscillating motion, set up by 
stick-slip, excites vibrations in the sliding members and may result 
in considerable noise being preduced. This is heard by us as squeaking 
of the jointa of furniture, auto bodies, etc. As has been stated the 
Navy encountered this in shaft squeal —- propeller shefts turning 


flowly in stern tubes >) 


~ and no doubt other machinery noises. This 
stick~slip may well be a problem in delicate control mechanisms whers 
very rapid responses to quite small applied forces or torques is 
desired. It 4s felt that this phenomena can best be studied at low 


sliding velocities. Therefore, in addition to interest in just trying 
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9 
to understand the basic mechaniam of dry friction the behavior of 
friction at very low aliding velocities ia of interest from the 
stick-aLip viewpoint for immedistely encountered probleas. This warrants 
some specific investigation and reassarch, This research scenes 
necesserily to take the form of accumulating « largs emount of data 
on the behavior of the friction of many widely differing materiale 
sliding on each other at velocities approaching sero, This will permit 
the friction factor versus sliding velocity curves to be extended 
toward zero velocity, After a general sccumulation of data of this 
sort possibly some general cenclusions may be drawn relating the low 
velocity friction behavior to some characteristic or characteristics 
of the material, hardiess, atemic structure, or such. A long time 
will be required for even an approach te this thorough wilerstanding,. 





The work in this field hee been accomplished primarily at MIT 
during the last five yoara under an Office of Navai Research contract. 
The work has been carried cat under the Friction and Lubrication 
Labratory whieh is uader Prefesmyr Rightmire, in charge, and Professor 
Rabinowiez, The first problem wae instrumentation capable of 
measuring frictions at the deaired yery lor velocities, During 
1950-1951 Leif Amesen vorked on the project and was unsuccessful 
in designing the apparatus necessary to adequately carry out the 
measurements. F. Heyman took up the work of this project in 1952 
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*Now with Westinghouse Electric Corporation 
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10 
and by 1954, after many difficulties and obstacles encountered, 
developed the apparatus whieh now can successfully carry out the 
necessary measurements, His contributio was great in the develop- 
ment of the apparatus even though he actually did not get any 
reproducible results from the material testing. This epparatus was 
used in gathering the very low velocity friction dataof this thesis. 
A very good description of tnis apparatus ia given in a paper published 
in the Review of Scientific Instrument ». “4 chomatic diagrams of the 
Low velocity machine components are shown in Figures VI, VII, and 
VITI. The descriptive portion of this paper may be found in Appendix 
A, The apparatus used in obtaining the higher velocity data ~ 
velocities above 107° ems, per sec, ~ was a standard friction meaguring 
apparatus operated at the extreme low end of its speed range. 

The actual test work accomplished since development of the 
apparatus has been in conjunction with other projects that were in 
progress so advancement in this field has been alow. However, the 
gethering of deta on this project is a very slow process anyway. The 
information that has been obtained in this region is presented in 
Figures II through v. These are contributions fran Professor 
Rightmire, Professor Rabinowicz, Mr. F. Mysliwetz, and Mr, 0, Heddon. 
From these Figures, II through V, it can be seen that different 
materials have friction factor—sliding velocity curves of varying typea. 


No conclusions can be drawn on so few curves. it will also be quite 


difficult to distinguish eurves of types B from C and D from E unless 
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12 
we are suze we can locete the appropriate humps first. ‘The hwaps 
of C and E may be w very close to sero velocity that as far as we 
are now capable of investigating these curves may appear as B and PD 
respectively. It is als possible to eonfuse B with A if the slope 
should be very nearly zero, 

One thing that ie shown by past work is that at the very low 
velocities there is a varying relationship between friction and aliding 
velocity ~ thet friction is no longer nearly independent of sliding 
velocity, for sace materials at least. At this time no general cone- 
lusion may be drawn, however. Curvee such as Pigures IT through V 
must be determined for very many materials before drawing generalities 
from specific cases. It is the purpose cf this theels to contribute 
as much as possible to the accumilation of these relationships of 
frietion factors to sliding velocities in the very low velocity range. 
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PROCEDURE 





The misroasope used for measuring distance traveled by the sample 
during the time interval of the run was calibrated against an optical 
calibration grid, ‘Thies grid was a product of Central Selentifie 
Company, The grid was 2000 lines to the inch, The microecope was 
first calibrated using the above grid for inches per scope unit. 

This value wee then converted to centimeters per scope unit. ‘The 

value for my eye on the scope calibrated to be 0.0002441 ems. per 

seope véerniesr unit. The Sanborn Resorder used te record the strain 
gauge readings wae calibrated before each series of tests - a serics 

of tests being all recordings on one material ari made on one day, 

This calibration was accomplished by applying known loads to the strain 
gauge, recording the reading, and then unloading the strain gauge after 
each loading te obtain a zero point. This procedure was carried out 
several. times using different loada and establishing an average of these 
readings for both the zero point and the scale of ths recorder paper 
grid. The reference marker, mentioned in the description, wee adjusted 
te a sonmvenient value ac that system drift could sasily be detseted 


during & run, 





The surface of the materisl specimen was prepared by finishing 
with successively finer grades of emery paper, starting with grade 1/0 
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13 
emery paper and proceeding through 4/0. ‘The metals, except for 
aluminum, produced a goed, apparently polished surface finish with 
4/0 grade paper. Aluminum and the plasties tested seemed to have 
a mudged dirty surface finish after polishing with 4/0 paper. Fach 
ef these was finished with the finest grade of emmry paper, courser 
than 4/0, that produced an apparent polished smooth surface, The 
finest emery peper wsed on each respective specimen ia noted in the 
tables I and II of eppendix B, 

The upper friction sarfsace used was an eighth inch heniepherical 
plain steel rider in all casss tested. This surface was polished to an 
apparent smooth finish using 4/0 emery paper on it while it was ro- 
tating in a drill chuck. 


The normal, load between the rider and specimen surfaces for these 
teste was standerdized st 100 grams for the very slow velocity epparatus 
and 200 grams for the standard apparatus, After placing the rider arm 
in place the weight of the arm and associated apparatus was taken up by 
tension of 4 spring adjustment. This permitted the rider surface to 
contact the specimen surface with practically sero normal force between 
them. Placing 100 grama on the rider arm in its proper position assured 
knowledge of the normal loading used in order to accurately compute 
friction factor as the ratie of friction force to normal force. By 
varying the pulling force on the drive mechsnien the velocities were 
varied, The Sanborn Recorder trace recorded the respective friction 
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ly 
foress as sensed by the strain gauge. 

The apparatus when first started was permitted at least two 
hours to accelerate to a steady state velocity. This was necessary, 
although pesalbly sxcesaive, to permit the wave systex, etc., in the 
piteh tank to reach a eheady state. The pulling force wae varied 
without any other interruption to the running apparatus. At least 
thirty minutes were permitted between position readings in order to 
insure steady state conditions nad been reached, At each pulling 
foree, the distance, measured by the microscope, the specimen moves 
in a period of time waa recorded, 


Data (See appendix 8) 


Having notes of the distance moved and the time elapsed the 
sliding velocity was compited in each instance, Having the reesrder 
tracing of friction force over the interval of time concerned an 
average friction foree wae established, Having the average friction 
force arc] the normal force an average friction factor wae computed for 
that particular velocity. I wish to emphasize that actually both the 
average friction factor and the sliding velocity are meacured quantities 
although I might have spoken cf them previously as computed. This only 
referred to a mechanical, mthenaticel operation on actual measured 
quantities, 

In using the standard friction apparatus the sliding was done in 
a @ireular path ~ the specimen revolving off-center under the rider. 
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In this case the frictional forces was recorded in the sane manner as 
for the slow sotion apparatus, The Sanborn Recorder in this case 
recorded also the rotationel spesd ef the specimen. By knowing, then, 
the rotational speed and by measuring the diameter of the circular 
path traveled the aliding velocity was easily obteined. In the same 
mainer as before ths friction factor was obtained, 

The data as then compiled wag plotted for each material tested 
giving a friction factor versue velocity curve for each, 






er 
Oe woreres fee ele nk intr: eee seve’ feenienry) wh arer 

aes: Od wh veiw tt coetets ai -ceteres niles wae 
~ endings | 
tate el vs ieee v 
Se ee 
ae en eee 
Marea Pitan Aims 7 badeals et Latinas aa! ot 
dum ‘ales oe ores li les te ent 


—— yy a se 



















I ll ——. oe) ot 


RESULTS 


The materials tested were some plestica and «a few metals aa 


follows: 


Plastics 


1. 
Zo 
4. 
De 


High Styrene - Figure IX 
Polyethylene - Figure X 
Vinyl Chloride - Pigure XI 
Polyester ~ Figure XII 
Epoxy ~ Figure XITI 


Metals 


6. 
Te 
8, 


Zine — Figure XIV 
Phosphor Bronse ~ Figure XV 
Aluminum - Figure XVI 


The results of friction factor versus elidinge velocity for these 


materials are presented in the form of the following curves, figuree 


IZ through XVI respectively. 
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17 
DI SSUSSION OF RESULTS 


Flestics 


Both High Styrene and Polyethylene behaved in very similar 
mamers, Their friction factor, or coefficient of friction, was 
fairly low st low sliding velocities, on the order of 0.112 at 
velocities of about 107° cms. per sec. Information available from 
higher velocity ranges, 10°" to 1 em per sec., indicates that the 
slope of the curve, Bl » increases rapidly up te this peint. The 
alope at the higher velocities appears to again appreach sero 
indieating possibly that this i¢ the peak of the curve. These curves 
could be similar to elther qurve C, BD, or E of Figure I. These 
curves would have to be continued further to the right, to higher 
velocities, in order to determine aC or D type curve and to lewer 
Velocities to determine an FE type. These materials behave similarly 
to seep. The humps or peake of these eurves have not been reached 
within the range of these experiments. 

Vinyl Chlerids and Polyester within this same region of exam= 
ination exhibited humps or peaks or at least indieated that such 
existed to the left of this experimental range, These curver could 
be similar to types B or C of Figuwe I. It seems doubtful thet they 
would be similar to type E which would necesalitate a minima at higher 
velocities as well as a maximum at lower velocities. Here again, theass 
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* Discussed with Professor BE. Rabinowies whe has done this sortof 
investigation on soap. 
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two materiale appeared quite similar to each other in the shape of 
their curves, Time did not permit measurement of the hardness of 
theas materials es was intended. However, it appeared that Vinyl 
Chloride em! Polyester were harder than High Styrene and Polyethylene. 
This may be a very imvortant property in determining the sliding 
velocity at which the friction factor reaches a maximum, Thie is one 
ef the points that, st present, seems so but warrants more research 
before a gensrality may be drawn, 

Epoxy, the fifth plagtic examined, seemed quite difficult to werk 
with, At first appearance it seemed fairly hard but actually over a 
period of time a quite emmall force deformed readily - primarily 
elastically. The curve developed from data obtained 13 somewhat in 
doubt. Due to its odd behavior while working with it, I chose to 
draw a straight dashed line averaging the points plotted. It is 
quite possible however from the data plotted that the curve may pass 
through a rather sharp peak in the vicinity of 107% to 10°? ems, per 
sec. If this could be established this would be a good exmaple of the 
type C curve of Figure I, 


Metals 


The three metals examined were by no means a complete representative 
Cross section of the available metals. Zinc hac a steadily rising curve 
quite similar to that of High Styrene and Polyethylene. Zinc was the 
softest metal tested - hardneas of 32, (6) Phosphor Bronze «- hardness 


160 - gave generally the same sort of presentation as zine. This sesame 
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19 
incongruent with eur knowledge and intuition about these metals. 
Aluminum ~ hardness 35/6) o showed a gentle, apperently, Linearly 
negative siope, This gould correspond to curwee of type C or B 
of Figure I. Alvwnxinum seemed to present the most expected behavior 
of the metals, 

General. 

In general it appears that softer materials have a U~- curve 
possessing a positive alope in the region investigated and that hard 
materials gersrally have a negstive slope, This may be explained, 
at least partially, in light of the decuesion in the introduction. 

If we set a weight on the surface of cuite eold molasses in a 
comtainer, the welgnt, if not teo large, will appear to rest momentarily 
sight on the surface. It will actually be sinking quite slowly inte 
amd through the molasses. If pulled or pushed horizontally while 
practically resting on the surface the weight will move fairly easily. 
If the weight is permitted to sink way into the very thick molasses 
4% will require a considerably larger force to canse the same horizontal. 
motion by the molasses with thia deeper immersion, This ia due te 
inereased fraiteal area which means that more of the molasess has to be 
pushed out of the way and/or compressed in order to permit the weight 
to mve horisomally. A ship in water is the seme preblem, If the 
ship is wnleoaded and riding high in the water it takes less power, 
foree, to propel it through the water than if 4t were at maximum load, 
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Minimm and maximum lead correspond to minimum and maximum drafts ~ 
depth to which the ahip sinks inte the water, 

This argument may ters to explain the velocity veraua tine curve 
for ateel or seep that Professor Rabinowics yatsbuned.. Ries curve 
shows that welocity decreases with time elapsed, 

Assuming a given draft or depth of sinking it requires more and 
more force to pug the weight, spoken of before, or the ship at higher 
aml higher velocities, In ships the power required to propel is nearly 
a function of the third power of the speed. In vlew of the findings of 
Bowden and Tabor about teflon” it seems possible that the softer 
plastics examined may behave similarly. They, like teflon, have low 
friction factors. If thig ia trus then this particular category of 
plastica will not form welds readily and may not adhere readily to ite 
companion surface. This would mean that the shearing portion of the 
friction force would be quite small if not tetally neglisible, Ffreswaing 
this, the softer plastics behave quite as would be expected in this 
region. Their behavior is similer to the ahip in the water analogy. 

As velocity increases the force must increase, ‘The interlocking 
asperities of the surfaces must deform to permit passage of the other 
surface's agperities, Depending on the softnezees and relative normal 





% Friction and Lubrication of Solids, F.P. Bowden and D. Tabor, 
pp Ty | ° 
With Teflon it was not possible to form a thermal weld even 
under the most sever conditions of load and speed....This re- 
sistance to seizure and the low coefficient of friction suggest 
that Teflon may find many important applications ag an ‘anti~fric- 
tion' and ‘anti~welding' material in bearings and other sliding 
mechanis, sms,” 
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load involved this deformetion may not be limited to asperities 
or surfaces alone and then becomes a function of the bulk. Neverthe- 
leas, the deformation is all of the same general nature. Sliding 
velocity determires the rate of this deformation and the rate of 
deformation determines the forces required to cange it gince it is 
an energy. 

In view of all of this it seems that the softer plastics that 
do not weld to or adhere to their companion surfaces exhibit somewhat 
of a positive r -¥ curve slope in the region exemined. 

On the other hand, the harder materials seem, logically, to 
depend om the shearing portion primarily for their friction. We know 
that the penetration of the rider, depth to whith it sinks, is 
practically negligible, For the harder materials that weld to or 
adhere to their sompanion surfeces the shearing portion of friction 
seems to be the primary one and ploughing is practically negligible. 

Sime the more solid the weldments are the larger the required 
shearing forces 1t follows that if the sliding velocity causes the 
character of the weldmente tc change the shearing force and thus the 
friction force is going te change similarly. This means thet if 
sliding velocity is increased within this range generally the weidmente 
will not heve time to ost well, They will be softer due te mre heat 
generated at the surface but less time for it te be conducted away, 
This will permit the weldments to be sheared easier. This meang a 
negative slope te the pV eurve in this region. It is believed 
that the harder materials exhibit thia general behavior generally, 
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Tt may well be argued that if the ebove is correct the P ~V 
curve should continue with a negative slope. This iv not as. It 
seeme logical to believe that the localised heating due to sliding wii], 
a@leo improve the formation of the weldments. At some sliding velecity 
the two effects will come in belance an’ the . «V slope will not 
nesessarily continue negative, 

In the light of this diecuseion it can be consluded that the 
friction force 1s made up of the shearing and the ploughing portions 
to varying degrees, ‘The shearing portion depends primarily on the 
mutual ability of the surfaces to weld together at pointe, The ploughing 
portion devends primarily on the hardness and the elastic and plastic 
characteristics of the two materiais in contact. 

If the materials were quite hard and they are mutusliy adhesive ~ 
ter] to form relds —- then the ploughing tere would be quite smali 
compared to the sheering term, In these casee the surfaces are 
presumed normally smooth. The ploughing term would eonsist of just 
the foree deforming the asperities in order to permit sliding - ths 
deformation would not go beyor! the actual surface Itself in these 
heed materials. Two surfaces with thie types interface, I belleve, 
should exhibit negative elope for the MM -\/ curve in the region 
concerned, 

if the materials were soft and do not have a tendenty to wald 
together the ploughing term would be of prime magnitude as compared 


to the shearing term, Ne doubt, some sheering will occur as we can 
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rarely expect two materiale to have mo mutual attraction, tendency 
to form welds. The deformation of these meterials would seem ta 
extend certainly bayond the asperities of the surfaces and may be 
of any extent depending on the materials. The p «~¥ curve resulting 
in the above such case could be expected to have a definitely pesitive 
@lope in the region concerned. it is pessible that at some sliding 
velocity the heat generated might change the tendency of these materials 
to form welds end thus alter the slope of the pi -Y curs at other 
velocities, 

It seems that these factors —- mutual weldability and resistance 
to deformation — may vary widely and differently from one pair of 
surfeces to aemmther possibly, Mubual weldability represents the 
shearing, and resistance te deformation the ploughing. Jleving varying 
combinations of theae in different sete of sliding surfaces accounts 
for curves of drastically different slopes in the region examined. The 
slope depersis on the predominance of one of the teras over the other, 

High Styrene and Polyethylene, mo doubt, do not weld te steel well 
at all and therefore the ploughing term is predominent and the slopes 
in Figures IX and X respectively are definitely positive. Vinyl 
Chloride Polyester appear to be harder than the previous two 
plastics so will have a lesser plougiing tendency. The ploughing ters 
in actual forces may be larger due to different material preverties but 
the tendency to permit digging in and gouging by the other surface is 
less. These tw plastics may have a stronger tendency to form bonds 
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al, 
with steel, Overall the two effects together <- neither particularly 
being negligible ~ produce a gentle change of slope from practically 
zero to a slight negative one. This chance may occur when the sliding 
velocity is high enough to cause a local mftening of the surfaces 
and thus an inersased teniency to form bonds. These curves of chaning 
Slope are shown in Figures XI and XII. The eurve of Figure XIII is in 
doubt but may be a sharp curve of the type shown in Figures XI and 
XII with a very definitely defined peak or 4t may be ome of general 
negative slope. Zinc, represented in Figure XIV, exhibited the same 
tendencies as did High Styrene and Polyethylene, The Phosphor Bronze 
results, Fizure XV, were not what was expected. They showed a sharply 
positive slops when it was intuitively felt that the slope should have 
been quite anall and probably negative, This intuitive expectation 
of Phosphor Bronze concurs with the general discussion offered here. 
This difference is, ca yet, unexplained, Aluminum presented in Figure 


XVI a most expected curve that has 4 small negative slope. 
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CONCLUSIONS 


Various ideas have been advanced in the discussion but I feel that, 
an insufficient number of materials have been examined in this manner 
to justify any genera) overall conclusions. I do sonelude, however, 
thet the investigation should be carried on until a vast amount of data 
has been gathered, At that time I feel thet som of the ideas herein 
discuseed may be justified as eeneralities, 
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RECOMMENDATIONS 


1. In time « large number of materials, both metals and plastice, 
should be examined. 

2. When additional runs sre made some should be made using riders 
made of a variety of materiels. 

3. In order to more fully define the curves, different keels should 
be used in the pitch to permit a greater range of velocities te be 
obtained using reasonable pulling forces, 

4. The automatic velocity recording mechaniam Professor Rabinowicz 
4s working on should be perfected and installed. This will greatly 
facilitate velocity determination, 
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APPENDIX A 


Deseriptions of the primary componente of the very low speed 
(4) ® 


friction apparatus 





The driving mecheaniam diagrem is shown in Figure VII. 

The moving friction specimen is a bleck serewed rigidly to a 
carriage which rests on two cylindrical rollers offering negligible 
resistance te ite travel. Festened umlerneath the carriage iz a 
detachable keel immersed in a cup of pitch, which in turn ia fastened 
to the base, the latter being a heavy block carrie’ on antivibration 
mounts, Attached to the carriage is a flexible wive that passes over 
& pully and carries a weight pan at its end to provide the pulling force. 

The piteh is initielly heated and poured inte the cup with the 
keel in place, and when the carriage needs te be removed it is simply 
detached from the mel by undoing two set screws, the keel remaining 
undisturbed in the piteh. Using a pitch of softening temperature 
160~200° F and « keel with a cross section 1/2 x 3/16 in., we have 
found it possible to obtain speeds of from 6 x 107! to 1.3 x 10% 
om/sec by varying the depth of inmerston of the keel from 1/2 to 1/32 
in., and the pulling force from 150 te 1500 g. 

To measure the displacement of the moving specimen, « fine scrateh 
on & wall glass block camented to the carriage is observed through 
* Quoted from paper published in the Heview of Scientific Instruments, 


Vol. 26, No. 1, 56-58, January, 1955 ~ Friction Apparatus for Very 
Low-Speed Sliding Studies; F. Heymann, Ff. Rabinowicz, and G,B, Rightmire 
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28 
a micreseope equipped with a micrometer eyepiece. The asellest 
observable displacavent is 5x 107? om, It was found that at the 
lower speeds it takes som 30 minutes before a uniform speed is 
obtained and the driving mechanism is therefore set into motion before 
the experiment begins. 


The Measuring Device 


Although we have eliminated stick-slip from the driving mechonian, 
we have not necessarily ensured enooth sliding, because, since a 
vertain amount of elasticity is mandatory if the friction force is to 
be seagwred by means of an elastic deflection, stick-alip can originate 
in the measuring device of such a friction apparatus shown in Figuee VI. 
However, theoretical and experimental studies suggest that through the 
use of a sufficiently stiff spring thie stick-slip can be completely 
@liminated or, at any rate, greatiy reduced, 

In ow’ apparatus, the upper er fixed friction specimen is a 
hemi spherically ended rider held firmly in a flexible arm, which is 
attached by means of an outrigger (to align the forces) to a stiff 
strain ring (Fig. VIII). ‘The opposite point on the strain ring is 
fixed to a stiff arm and both the stiff arm and the flexible arm are 
held on a shaft supported in two ball-bearing plllew — blocks. To 
balance thie assembly and at the same time minimize the normal load on 
the bearings, the assembly is supported near ite center cf gravity by 
a soft spring. The upper anchorage of the epring can be moved up and 


down in ite columms, end alm ineorporstes a fine adjustment #0 25 te 
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perait, the rider ¢arefully te be brought just inte contact with the 
Lower friction meciasn, The normal lead between the specimens Is 
then determined by weights placed on a pan on the Plexible arm 
directiy above the rider, 

The whole friction foree ie tranamitted by the flexible arn 
wholiy through the strain ring to the stiff arm and is meseured by 
four Sh-/, wire-resistance strain gaugos cemented to the strein ring 
avi commested to a Sanborn Recorder, The stiffness of the ring is mich 
that a friction fores af 50 g =~ a common value ~- produces a deflection 
of 7 x 10% amo, and the sensitivity of the friction measuring device 
is about 1/4 2. 

During the Long runs that are necéasary, a method of checking on 
the drift of the rewrder la desireble, and for this purpese a "duamy 
transducer" box was constructed. This contains high - precision 
fixed and adjustable resisters ferming a bridge circuit comparable 
to that of the strain gauges on the ring, and a ewitch by means of 
which this clrenlt can be shunted at any time into the recorder channel 
in place of the strain gauges, At the beginning of a run, the box can 
bs adjusted to give a reading equal to the no-load reading of the strain 
ring, and subsequent owitching back to the box will diselose any drift 
in this zero reading, 
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